A major open issue in tropical meteorology is how and why some tropical cyclones intensify under moderate vertical wind shear. This study tackles that issue by diagnosing physical processes of tropical cyclone intensification in a moderately sheared environment using a 20-member ensemble of idealized simulations. Consistent with previous studies, the ensemble shows that the onset of intensification largely depends on the timing of vortex tilt reduction and symmetrization of precipitation. A new contribution of this work is a process-based analysis following a shear-induced midtropospheric vortex with its associated precipitation. This analysis shows that tilt reduction and symmetrization precede intensification because those processes are associated with a substantial increase in near-surface vertical mass fluxes and equivalent potential temperature. A vorticity budget demonstrates that the increased near-surface vertical mass fluxes aid intensification via near-surface stretching of absolute vorticity and free-tropospheric tilting of horizontal vorticity. Importantly, tilt reduction happens because of a vortex merger process-not because of advective vortex alignment-that yields a single closed circulation over a deep layer. Vortex merger only happens after the midtropospheric vortex reaches upshear left, where the flow configuration favors near-surface vortex stretching, deep updrafts, and a substantial reduction of low-entropy fluxes. These results lead to the hypothesis that intensification under moderate shear happens if and when a ''restructuring'' process is completed, after which a closed circulation favors persistent vorticity spinup and recirculating warm, moist air parcels.
Introduction
A major impediment of accurate tropical cyclone (TC) forecasts is the interaction of TCs with environmental vertical wind shear (VWS). Although VWS is one of the most inhibiting factors of TC intensification (Merrill 1988; DeMaria and Kaplan 1994; Paterson et al. 2005; Hendricks et al. 2010) , TCs can intensify under VWS magnitudes that are neither too weak nor too strong (moderate shear hereafter; Molinari et al. 2004 Molinari et al. , 2006 Molinari and Vollaro 2010; Montgomery et al. 2010; Foerster et al. 2014; Stevenson et al. 2014; Rios-Berrios et al. 2016b,a; Zawislak et al. 2016; Rios-Berrios and Torn 2017; Nguyen et al. 2017) . Consequently, intensity changes are more difficult to predict for moderate VWS scenarios than for weak or strong VWS (Bhatia and Nolan 2013; Finocchio and Majumdar 2017) . This issue represents a major forecasting challenge as recognized by a former hurricane specialist who stated that ''one of [their] biggest challenges is trying to sort out what's going to happen at intermediate levels of shear'' (Sumwalt et al. 2017, p. 3) . Motivated by this challenge and its important implications, this study aims at identifying physical processes preceding TC intensification under moderate VWS.
Several theories exist to explain TC intensification; however, various limitations prevent their applications to the TC-VWS problem. Most theories describe intensification as a feedback between surface fluxes, near-surface convergence of energy and angular momentum, and latent heat release (Ooyama 1964 (Ooyama , 1969 (Ooyama , 1982 Charney and Eliassen 1964; Emanuel 1986 ). Such feedback, however, is based on an axisymmetric view of mature TCs. An alternate paradigm was proposed by Van Sang et al. (2008) to account for asymmetric features manifest as buoyant, rotating updrafts. According to that paradigm, intensification follows the merger and symmetrization of vertical vorticity associated with those updrafts. The resulting vortex structure aids intensification via concentrated near-surface convergence and latent heat release within a closed circulation (Van Sang et al. 2008; Smith et al. 2017) . Sheared TCs are characterized by asymmetric moisture distributions and asymmetric secondary circulations (Reasor et al. 2013; DeHart et al. 2014; Rios-Berrios and Torn 2017) , which may influence the symmetrization process or may hinder the feedback between near-surface convergence and latent heat release (e.g., Molinari et al. 2004 Molinari et al. , 2013 .
Existing theories can be expanded to VWS scenarios by hypothesizing that sheared TCs must overcome the effects of VWS (e.g., tilt, asymmetric precipitation) in order to establish robust tangential and overturning circulations capable of driving intensification. Molinari et al. (2004) identified such evolution from aircraft observations of Hurricane Danny (1997) under shear magnitudes between 5 and 11 m s
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. Intensification happened when individual rotating updrafts merged into a dominant surface vortex and the equivalent potential temperature u e exhibited a dramatic radial gradient. Their results led to the proposal of a two-stage process explaining intensification under VWS. During the first stage, the asymmetric TC is characterized by buoyant updrafts as well as strong downdrafts that flood the boundary layer with cool, dry air. Intensification happens during the second stage because near-surface convergence and deep latent heat release happen within the high-u e region of a symmetric, closed surface circulation.
Although this two-stage process has not been further explored, other studies agree that symmetrization of precipitation is a key process preceding intensification under moderate VWS. Sheared TCs are characterized by a wavenumber-1 precipitation asymmetry, with updrafts dominating in the downshear half and downdrafts in the upshear half (Corbosiero and Molinari 2002; Chen et al. 2006; Hence and Houze 2011; Reasor et al. 2013; DeHart et al. 2014) . Consequently, an azimuthal extension of precipitation from downshear to upshear is a hallmark of intensifying TCs under moderate VWS (Rappin and Nolan 2012; Ge et al. 2013; Onderlinde and Nolan 2014, 2016; Tao and Zhang 2014; Finocchio et al. 2016; Rios-Berrios et al. 2016a; Zawislak et al. 2016; Nguyen et al. 2017 ). Such extension is often preceded by deep convective updrafts in the upshear-left quadrant (e.g., Stevenson et al. 2014; Chen and Gopalakrishnan 2015; Rogers et al. 2016; Rios-Berrios et al. 2016b,a; Smith et al. 2017; Wadler et al. 2018 ). An outstanding issue is what drives symmetrization; possible explanations include vortex alignment (e.g., Zhang and Tao 2013) or humidification of the upshear half (e.g., Rios-Berrios et al. 2016a; Rios-Berrios and Torn 2017) . However, those processes could be the result-rather than the cause-of the azimuthal extension of precipitation.
Another outstanding issue, not accounted for in the two-stage process of Molinari et al. (2004) , is the role of vortex tilt during intensity changes of sheared TCs. Vortex tilt emerges after the center of circulation is displaced along a vertical axis by the sheared environmental flow. This VWS effect limits ascent above the lower-tropospheric center of circulation via thermodynamic stabilization (Jones 1995; DeMaria 1996) or via cool, dry air fluxes (Riemer et al. 2010; Tang and Emanuel 2012; Riemer and Laliberté 2015) . Consequently, another hallmark of intensifying TCs under moderate VWS is a small vortex tilt (Davis et al. 2008; Reasor and Eastin 2012; Rappin and Nolan 2012; Ge et al. 2013; Zhang and Tao 2013; Onderlinde and Nolan 2014; Tao and Zhang 2014; Finocchio et al. 2016; Munsell et al. 2017; Leighton et al. 2018) . In some cases, however, intensification begins when the vortex is tilted (e.g., Raymond and López Carrillo 2011; Stevenson et al. 2014; Rios-Berrios et al. 2016b) or when a new, vertically aligned vortex emerges within shear-organized convection (Molinari et al. 2004 (Molinari et al. , 2006 Davis et al. 2008; Molinari and Vollaro 2010; Nguyen and Molinari 2015) . Those discrepancies suggest that not all TCs follow the same pathway to intensification under moderate shear or that intensification is favored by a combination of factors including, but not limited to, a small vortex tilt. Explaining how and why a TC vortex realigns, remains vertically aligned, or reforms under VWS is of utmost importance (Jones 1995; Reasor et al. 2004; Reasor and Montgomery 2015; Elsberry and Park 2017; Rogers et al. 2017) . Equally important is clarifying why intensification is more likely when the vortex is aligned than when it is tilted.
These open issues motivate this study, with the purpose of diagnosing physical processes preceding TC intensification under moderate VWS. An ensemble of idealized simulations, described in section 2, was employed to diagnose processes from multiple realizations of the same TC with prescribed environmental conditions and without complexities added by external factors (e.g., upper-tropospheric disturbances, land interactions). The ensemble confirms that small vortex tilt and symmetric precipitation are necessary conditions for intensification (section 3). A detailed analysis focused on a midtropospheric vorticity maximum (section 4), shows a two-stage process akin to the hypothesis of Molinari et al. (2004) combined with the vortex merger paradigm of Van Sang et al. (2008) . The results lead to the hypothesis (section 5) that intensification in sheared environments follows after deep updrafts initiate a ''restructuring'' process, consisting of a transition from strong, yet asymmetric ascent in the vicinity of a midtropospheric vortex to nearly symmetric ascent within a vertically aligned, closed circulation. Intensification follows thereafter because the resulting TC structure promotes a feedback between near-surface convergence and ascent within a closed circulation.
Methods

a. Experimental setup
An idealized modeling framework was employed following previous studies on TC-VWS interactions (e.g., Nolan 2011; Zhang and Tao 2013; Onderlinde and Nolan 2014; Zhang 2014, 2015; Finocchio et al. 2016) . The initial conditions contained a weak warm-core vortex embedded in a horizontally homogenous sheared environment. The radial profile of tangential wind y was specified via a modified Rankine vortex profile:
where y m is the maximum tangential wind, R m is the radius of maximum wind, r is radial distance from the vortex center, and a is a parameter that controls the tangential wind decay outside R m . A weak TC vortex was specified with y m 5 15 m s
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, R m 5 135 km at 1.5-km height, and a 5 0.4. A Gaussian decay function was used for the vertical structure of y above and below 1.5 km. Environmental conditions were specified with a moist tropical sounding (Dunion 2011 ) and the following idealized profile of environmental zonal winds (Nolan 2011; Finocchio et al. 2016) : 
where u is zonal wind, u s is the surface zonal wind, U is the 200-850-hPa zonal shear, and p is pressure. Simulations with the modified Rankine vortex were integrated forward using the Weather Research and Forecasting (WRF; Skamarock et al. 2008) Model, version 3.4.1. Three nested domains were used with grid spacing of 18, 6, and 2 km, respectively, and horizontal domains of 4320 km 3 4320 km, 2160 km 3 2160 km, and 720 km 3 720 km, respectively. Both innermost domains followed the TC throughout the simulation. All domains contained 40 vertical levels with a model top around 56 hPa. Several tests with different domain sizes and vertical resolutions showed only small sensitivities to those specifications. A cumulus parameterization was not used in any domain because the 2-km domain covered the main region of precipitation. Radiative feedbacks were not included, but a forthcoming publication will explore the sensitivity of results to radiation. All other physics parameterizations are listed in Table 1. Environmental winds were kept constant during the integration to isolate structural changes of a TC-like vortex within a specific environment. Nolan (2011) introduced the point downscaling method, which keeps constant environmental winds by applying the Coriolis torque only onto the perturbation winds. Point downscaling was applied here, in combination with analysis nudging, to retain the initial environmental wind profile in the 18-km domain, while allowing all fields to evolve in the 6-and 2-km domains. A drawback of this method is that the environment is not adjusted for thermal wind balance. Another drawback is that constant wind profiles are not realistic representations of observed TC environments (Rios-Berrios and Torn 2017); however, constant wind profiles were used here to eliminate processes associated with the evolving environment. TC intensification within temporally evolving environments should be explored in the future to confirm the findings of this work in a more realistic framework.
An ensemble of 20 idealized simulations was generated to account for variability in the timing of intensification. Zhang and Tao (2013) demonstrated that, in a similar modeling setup as employed here, the timing of intensification varies substantially under moderate VWS magnitudes. Their approach-following from Van Sang et al. (2008) -was used here to generate the ensemble with uncorrelated, random perturbations sampled from a uniform distribution of water vapor mixing ratio between 20.5 and 0.5 g kg
. Random perturbations were added only below 950 hPa and within the 2-km domain. All members used the same background conditions specified by Zhang and Tao (2013) 
b. Tracking algorithm
A fundamental aspect of this study was the tracking of precipitation and vorticity features in each ensemble member. Multiple tracking methods exist with their advantages and disadvantages (Nguyen et al. 2014; Ryglicki and Hart 2015) . Extensive testing with different methods, variables, and ensemble members revealed that most algorithms were sensitive to the initial guess and area of integration. Instead, an object-based algorithm was developed following tracking methods of precipitation features in convectionpermitting models (Davis et al. 2006) . A sequence of three steps was followed: 1) smoothing with a nine-point average method, 2) filtering by retaining only the top 5% of a variable of interest, and 3) finding a centroid via
where x 0 is the centroid position vector, x is a position vector of each grid point, and L is the variable of interest (e.g., vorticity or total condensate). These steps and thresholds yielded robust results when tracking vorticity features at different levels and between different ensemble members. The centroid position was used as the center of circulation when tracking vorticity or as the precipitation center when tracking total condensate.
c. Vorticity budget
Intensity changes were diagnosed with an areaaveraged vorticity budget (Davis and Galarneau 2009) . Although multiple metrics could diagnose TC intensity, area-averaged vorticity was used here because of the important evolution of various vorticity features before and during intensification. In this budget, the temporal rate of change of area-averaged vorticityz is given by
where h is absolute vorticity,d is area-averaged divergence, V h is the horizontal vortex-relative wind vector, v is vertical velocity on isobaric coordinates, F r is friction, and A is the area of a box centered on a feature of interest. Spatial integration involves a closed integral along the box; therefore,n represents a vector perpendicular to the box segments, an overbar represents a mean along the box, and a prime symbol represents a perturbation from that mean. This partition separates the flux divergence of absolute vorticity into a mean stretching term, represented by the first term on the righthand side, and an eddy vorticity flux, represented by the second term. Compared to the more traditional nonflux form of the vorticity equation, the first two terms include the contributions of vortex stretching and horizontal advection, while the third term combines vertical advection and tilting into a ''tilting'' term that depends on the correlations between vertical motions and horizontal vorticity (Davis and Galarneau 2009) . The fourth term represents frictional dissipation, which was approximated by the subgrid-scale mixing momentum tendencies. This term was combined with mean stretching because of their similar magnitudes of opposite signs near the surface; their combined contribution will be called net mean stretching. All terms were calculated with 6-min output after removing the motions of the 2-km domain and the feature of interest. Similar to Davis and Galarneau (2009) , an ensemble of budgets was obtained by moving the integration box five grid points in each direction to account for box size and position variability. Skamarock et al. (2008) 3. General overview of the simulations Consistent with the findings of Zhang and Tao (2013) , the ensemble simulates an intensifying TC with large variability in the timing of intensification (Fig. 1a) . All members exhibit a gradual intensification during the first 48 h, followed by a period of nearly steady-state intensity. Ensemble members diverge after 96 h when some members simulate rapid intensification, whereas other members simulate steady-state intensity. All members ultimately simulate rapid intensification, but there is substantial variability around the onset of intensification. Following Judt and Chen (2016) , the onset was defined as the first lead time that met two criteria: 1) the intensity over the following 24 h increased by at least 15.1 m s 21 and 2) the intensity over the following 6 h increased by at least 3.8 m s 21 (nearly equivalent to a continuous intensification of 15.1 m s 21 in 24 h). Within the ensemble, the objectively determined onset happens anywhere between 97 and 130 h (black dots in Fig. 1a ). Despite this variability, all members cluster together after intensifying and reaching their maximum simulated intensity by 192 h. The large variability in the onset of intensification offers an opportunity to explore why some members simulate intensification earlier than others. Following the approach of Zhang and Tao (2013) , this issue was investigated by comparing two members that predict the earliest and latest onset of intensification (early and late members hereafter). This comparison revealed that their main difference was the timing of symmetrization of precipitation (Fig. 2) . Domain-centered plots of composite reflectivity show that precipitation initially organizes in the downshear half of the simulated TCs (Figs. 2a,e), followed by a cyclonic motion around a lower-tropospheric center of circulation (Figs. 2b,f). These members diverge from each other as precipitation moves through the downshear-left quadrant; precipitation moves faster and, consequently, reaches upshear left sooner in the early member than in the late member (Figs. 2c,g ). Shortly after precipitation reaches upshear left, the early member is characterized by nearly symmetric precipitation (Fig. 2d) . The late member, however, is still highly asymmetric by 102 h (Fig. 2h) . Intensification begins quickly after precipitation transitions from an upshear-left maximum to a nearly symmetric distribution.
This transition is consistent for all members as quantified by the symmetricity metric. Symmetricity S is defined here as the percentage of azimuths with light precipitation, or
where N is the total number of azimuthal bins and l i is the number of azimuthal bins with composite reflectivity of the lowest 1.5 km exceeding 20 dBZ. This threshold was chosen after extensive tests revealed that symmetrization happened because of light, not convective, precipitation. Figure 1b shows time series of S evaluated within 1.5 times the radius of maximum azimuthally averaged winds at each lead time. Small values, such as those seen after 24 h, represent asymmetric precipitation, whereas values close to unity represent nearly symmetric precipitation. The key feature of Fig. 1b is that the variability of S resembles the variability of intensity: the onset of intensification follows after S increases and exceeds 75% in all members, but the early member is the first and the late member is the last to transition into nearly symmetric precipitation.
The different precipitation evolutions are related to different tilt evolutions. Vortex tilt was diagnosed via the distance between the lower-and midtropospheric centers of circulation determined from the objecttracking method described in section 2. The lowertropospheric center was tracked at 900 hPa, whereas the midtropospheric center was tracked at 400 hPa because that level was characterized by a clear vorticity maximum within precipitation (not shown). shows the evolution of 400-900-hPa tilt after applying a 6-h running mean to remove short-term variability. All members simulate increasing tilt magnitude during the first 24 h, which corresponds to the timing of convective organization in the downshear half (Figs. 2a, e) . After 24 h, the midtropospheric vortex begins an azimuthal motion through the downshear-left quadrant. The early and the late members diverge after 24 h when the midtropospheric vortex remains radially closer to the lowertropospheric center in the early than in the late member. This small difference grows over time such that the early member reaches upshear left approximately 26 h earlier than in the late member (72 vs 98 h). The tilt magnitude quickly decreases thereafter until reaching a minimum just before the onset of intensification.
All members depict the same tilt evolution, albeit with different azimuthal motions through the downshear-left quadrant. This result is illustrated in Fig. 3b , which compares the onset of intensification against the duration of downshear-left tilt (defined as a mathematical tilt angle between 08 and 908). A strong correlation exists between those two quantities (Pearson's correlation coefficient of 0.97). The duration of downshear-left tilt depends on the average downshear-left tilt magnitude, resulting in a strong correlation between the onset of intensification and the average downshear-left tilt magnitude (Pearson's correlation coefficient of 0.93; Fig. 3c ). In this study, tilt magnitude depends on the initial location of downshear convective organization, which randomly varies between members because of the initial boundary layer water vapor perturbations. Members with convective organization closer to the lower-tropospheric center of circulation develop smaller downshear-left tilts for shorter durations, thus leading to earlier onsets of intensification (Figs. 3b,c) . This study will not explore the mechanisms governing the azimuthal tilt motion through the downshear-left quadrant; instead, the analysis will focus on the upshear-left tilt reduction that happens over a 24-32-h period in all members despite their different downshear-left tilts.
Previous modeling studies also identified symmetrization of precipitation and tilt reduction as necessary for intensification (e.g., Ge et al. 2013; Zhang and Tao 2013; Onderlinde and Nolan 2014; Zhang 2014, 2015; Finocchio et al. 2016; Munsell et al. 2017) ; however, the following questions remain unanswered:
d Why are upshear-left precipitation and tilt important for intensification?
d What drives the symmetrization of precipitation and vortex tilt reduction?
d Why is the symmetric, aligned structure more conducive to intensification than the asymmetric, tilted structure?
The remainder of this manuscript will address these questions by explaining the physical processes promoting intensification under moderate VWS. The early and the late members will be used as illustrative members, but their results will be generalized with ensemble statistics.
Diagnosis of physical mechanisms
A key aspect of the idealized simulations is the coevolution of precipitation and a midtropospheric vorticity maximum. This coevolution, hinted by the symmetricity and tilt diagnostics, was confirmed with a time-azimuth framework depicting averaged variables within a 50-km ring located at the radial position of the precipitation centroid at each lead time (Fig. 4) . A region of positive 400-hPa absolute vorticity is collocated with the asymmetric precipitation before the onset of intensification.
Both fields undergo a similar evolution: A maximum first appears downshear, gradually moves through the downshear-left quadrant, accelerates in the upshear-left quadrant, and finally spreads over all azimuths just before the onset of intensification (Figs. 4a, c, e) . This evolution happens faster in the early member than in the late member, especially because of their different evolutions through the downshear-left quadrant (Figs. 4a,c ). An ensemble mean with respect to the onset of intensification confirms that tilt reduction and symmetrization happen in unison during the 24 h preceding intensification of all members (Fig. 4e) .
The midtropospheric vorticity maximum emerges as a separate entity within the shear-organized convection. This result is illustrated in Fig. 5 through cross sections of 6-hourly averaged vorticity and diabatic heating along a line passing through both the lower-tropospheric and midtropospheric centers of circulation of the early member. A small-scale, nearly aligned vortex first appears within a region of large diabatic heating located 100 km away from the lower-tropospheric center (Fig. 5a ). The small-scale vortex weakens in the lower troposphere, but a conglomerate of small-scale, positive vorticity remains with peak values around 400 hPa and latent heat release over a deep layer (Fig. 5b ). This conglomerate of vorticity forms a mesoscale midtropospheric vortex that is detected by the tilt vector as it travels azimuthally around the lower-tropospheric center (cf .  Fig. 3a) ; however, this midtropospheric vortex is not directly connected to the main TC vortex in the sense of a single tilted ''cylinder.'' The midtropospheric vortex persists and strengthens upon reaching upshear left (Fig. 5c ), followed by a transition to a single vertically aligned vortex before the onset of intensification (Fig. 5d) .
Although environmental shear induces storm-scale asymmetries in strong TCs (Corbosiero and Molinari 2002; Chen et al. 2006; Reasor et al. 2013; DeHart et al. 2014) , our simulations suggest that a midtropospheric vortex modulates asymmetries in weak, sheared TCs. In addition to the vorticity and precipitation asymmetries before intensification, clear moisture asymmetries also exist as demonstrated by the vertically integrated saturation fraction (Figs. 4b,d,f) . Near-saturated air only exists in the vicinity of the midtropospheric vorticity maximum and its associated precipitation. All other regions remain dry until symmetrization, after which time all azimuths become nearly saturated within the 50-km ring centered on the precipitation centroid of each member (Fig. 4f) . Other kinematic and thermodynamic fields are also modulated by the presence (or lack) of the midtropospheric vortex in each quadrant (not shown), which agrees with the tilt-relative circulations identified by Jones (1995) .
a. Midtropospheric vortex structure and evolution
The aforementioned findings motivate an analysis of the structure and evolution of the midtropospheric vortex to elucidate why its arrival to upshear left precedes intensification. To this end, a pressure-time framework was employed to diagnose area-averaged quantities within a 50-km radius of the midtropospheric vortex. That area captures the main region of evolving precipitation and vorticity, while considering the midtropospheric vortex separately from the lowertropospheric vortex even though both contribute to the same TC-scale system.
In this framework, the emergence and maintenance of the midtropospheric vortex is evidenced by a mid-to upper-tropospheric vorticity maximum (Fig. 6) . Peak vorticity values appear near 400 hPa during 24-84 h for the early member (Fig. 6a ) and 24-108 h for the late member (Fig. 6b) . Nonlinear balanced dynamics predict that such vorticity structure is associated with a cool anomaly below and a warm anomaly above, which in turn forces ascent upwind and descent downwind of the vorticity maximum along the raised isentropes (Raymond 1992; Jones 1995) . This thermal structure is indeed evident as shown by area-averaged density potential temperature u r anomalies 1 with respect to the main TC vortex (Figs. 6a,c) . Warm and cool anomalies appear above and below 400 hPa, respectively, before the onset of intensification. This general structure, which resembles the structure of mesoscale convective vortices (Houze 2004 , and references therein), persists, while the midtropospheric vortex travels through the downshear-left quadrant. Noteworthy changes happen after the midtropospheric vortex enters upshear left, or 12-24 h before the onset of intensification (Fig. 6) . Vorticity increases first near the level of maximum vorticity, followed by a rapid increase of lower-tropospheric vorticity and a transition to a vorticity maximum near the surface. At the same time, the thermal anomalies weaken or even disappear. These structural changes happen as the TC vortex transitions from tilted to aligned, which suggests that those changes simply represent the decreasing tilt magnitude. However, vertical profiles following the 900-hPa center of circulation also indicate increasing vorticity at all levels (not shown) only after the midtropospheric vortex enters upshear left.
Given the link between the midtropospheric vorticity and precipitation, a possible explanation for the increasing lower-tropospheric vorticity is a change in the vertical mass flux profile. The vertical mass flux profile relates to vorticity tendencies via the stretching term, which is proportional to divergence or the vertical gradient of the vertical mass flux [Eq. (2)]. A top-heavy profile favors vorticity spinup over a deep layer, whereas a bottom-heavy profile favors vorticity spinup near the surface. A shift from a top-heavy to a bottom-heavy profile happens during tropical cyclogenesis when a lower-tropospheric center of circulation forms from a disturbance with a midtropospheric vorticity maximum (e.g., Raymond and López Carrillo 2011; Gjorgjievska and Raymond 2014; Davis 2015; Tang et al. 2016 ). Potential explanations for the shift in the vertical mass flux profile include lower-to-midtropospheric stabilization (e.g., Raymond and Sessions 2007) or midtropospheric saturation (e.g., Davis 2015; Tang et al. 2016) , both of which are thought to facilitate lower-tropospheric ascent and increasing lower-tropospheric vertical mass flux.
Indeed, the vertical mass flux and u e profiles evolve in concert with the midtropospheric vortex. Areaaveraged vertical mass flux (rw) profiles are predominantly top heavy when the midtropospheric vortex is downshear left as the maximum flux appears above 600 hPa (Figs. 7a,b) . The top-heavy profiles result from a combination of both elevated convection and stratiform precipitation (not shown) possibly in response to the thermodynamic anomalies induced by the midtropospheric vortex. As will be shown later, ascending motions begin cyclonically upwind and maximize above the midtropospheric vortex, whereas descending motions happen below and cyclonically downwind of the midtropospheric vortex. Those downdrafts, in combination with a persistent midtropospheric u e minimum (Figs. 7a,b) , bring cool, dry air to the boundary layer as typically occurs in sheared TCs (Riemer et al. 2010; Riemer and Laliberté 2015; Alland et al. 2017) . The impact of downdrafts is evident in the occasional u e reductions below 900 hPa, while the midtropospheric vortex travels through downshear left.
Important changes also happen 12-24 h before the onset of intensification when the midtropospheric vortex enters upshear left (Fig. 7c) . Vertical mass fluxes increase below 800 hPa while decreasing aloft, leading to a more bottom-heavy vertical mass flux profile. At the same time, u e increases by at least 5 K especially below 600 hPa (Figs. 7a-c) . Relatively high u e persists even when the vertical mass flux nearly vanishes and reaches a minimum at the onset of intensification. Such minimum happens as the intensity of precipitation diminishes (cf. Fig. 2d ) during the transition from a midtropospheric vorticity maximum and associated thermodynamic anomalies to a single aligned vortex. A recovery happens after the onset, when the strengthening tangential and overturning circulations promote upward vertical mass fluxes and high u e in the lower troposphere.
This analysis points at important structural changes after the midtropospheric vortex reaches upshear left. Previous studies of real-world TCs also find that the characteristics of the upshear-left quadrant influence intensification (e.g., Stevenson et al. 2014; Chen and Gopalakrishnan 2015; Rogers et al. 2016; Rios-Berrios et al. 2016b; Nguyen et al. 2017; Smith et al. 2017 ; RiosBerrios and Torn 2017; Wadler et al. 2018) . The reason for the shift in the vertical mass flux and increased u e will be explored in section 4c, but first a vorticity budget analysis will confirm the influence of structural changes on the simulated intensification. 
b. Vorticity budget
The previous subsection described processes associated with the evolution of the midtropospheric vortex; however, it is unclear how those processes influence intensity changes. Based on the vorticity and vertical mass flux profiles, a potential hypothesis is that the shift from a predominantly top-heavy to a more bottom-heavy mass flux profile represents increased near-surface convergence, which favors vorticity spinup via vortex stretching. This hypothesis was tested through an areaaveraged vorticity budget calculated on a 100 km 3 100 km box centered on either the lower-or midtropospheric centers of circulation. The domain size is consistent with the previous analyses and with the radius of maximum winds at the onset of intensification (not shown). Budget calculations with respect to both centers were used to quantify the role of each vortex. Only the early and the late members were considered because high-frequency output was required to balance the budget. All calculations show strong agreement between the actual tendencies (Figs. 8a,b, 9a,b ) and the sum of individual tendencies (Figs. 8c,d, 9c,d ), thus lending confidence to this analysis.
The vorticity budgets further highlight the role of the midtropospheric vortex before the onset of intensification. Total vorticity tendencies are of comparable magnitude when calculated with respect to either the midtropospheric (Figs. 8a-d) or lower-tropospheric centers (Figs. 9a-d ) of both early and late members. A persistent vorticity spinup happens underneath the midtropospheric vortex 12-24 h before the onset of intensification of both members, or around 84-96 h in the early member and 108-132 h in the late member (Figs. 8a-d) . A persistent vorticity spinup happens at all levels within the lower-tropospheric vortex only after the onset of intensification (Figs. 9a-d) . The main difference between members is that the late member has more frequent periods of negative vorticity tendencies at all levels, which likely weaken and delay the azimuthal motion of its midtropospheric vortex.
Individual tendencies illustrate the processes leading to the persistent vorticity spinup following the midtropospheric vortex (Figs. 8e-j) . Consistent with the topheavy vertical mass flux profile before intensification, the net mean stretching term (mean stretching plus friction) depicts persistent vorticity spinup above 850 hPa (Figs. 8e,f) . That spinup, however, is partially offset by negative tilting of horizontal vorticity (Figs. 8i,j) . Downdrafts collocated with outward horizontal vorticity induced by the main TC vortex, as well as updrafts collocated with inward horizontal vorticity, result in negative tilting when the midtropospheric vortex is downshear left (Fig. 10a) . This pattern changes after the midtropospheric vortex enters upshear left, or around 84 h in the early member and 120 h in the late member; the tilting term becomes positive (Figs. 8i,j) as inward horizontal vorticity induced by the stronger midtropospheric vortex is collocated with downdrafts ( Fig. 10b) . At the same time, the net mean stretching substantially increases in the boundary layer (Figs. 8e,f) . Despite vorticity spindown via eddy vorticity fluxes (Figs. 8g,h ), a persistent vorticity spinup happens after 84 h in the early member and after 120 h in the late member. That spinup happens through both vorticity convergence and tilting of horizontal vorticity above the boundary layer after the midtropospheric vortex enters upshear left.
Importantly, the substantial and persistent vorticity spinup happens before the 400-900-hPa tilt magnitude reaches a minimum in both the early and the late members (cf. Fig. 3 ). That vorticity spinup happens locally because of vortex stretching and tilting above the boundary layer and not because of eddy vorticity fluxes as would be expected if the midtropospheric and ) and equivalent potential temperature (contours; every 2.5 K).
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lower-tropospheric vortices were aligning through differential vorticity advection. These processes-which also appear in the vorticity budget of observed sheared TCs (Rios-Berrios et al. 2016b,a)-are consistent with a large-ensemble study of TC intensification (Miyamoto and Nolan 2018) . A new question emerges from these findings, Is tilt reduction solely a result of advective alignment between the lower-and midtropospheric centers or a result of other processes?
The vorticity budget with respect to the lowertropospheric vortex favors the latter view. A large vorticity spinup happens above 600 hPa after 84 h of the early member and 120 h of the late member (Figs. 9a-d) .
If that midtropospheric vorticity spinup signaled alignment, then the positive tendency should be contributed primarily by eddy fluxes. Integrated tendencies, however, show negative eddy fluxes above 800 hPa except for a brief 6-h period just before the onset (Figs. 9g,h ). Instead, vorticity spins up via tilting of horizontal vorticity above 950 hPa (Figs. 9i,j) and occasional positive eddy fluxes below 800 hPa (Figs. 9g,h ). Those tendencies are facilitated by the flow configuration when the midtropospheric vortex is upshear left. Positive tilting mainly happens at the northwestern edges of the integration domain, where upward motion associated with asymmetric convection is collocated with outwardpointing horizontal vorticity induced by the midtropospheric vortex (Fig. 10c) . Likewise, positive eddy vorticity fluxes happen near the surface as the stormrelative inflow is collocated with vorticity anomalies generated below the midtropospheric vortex (Fig. 10d) .
These results show that tilt reduction is not solely driven by the alignment of lower-and midtropospheric vortices. However, it is unclear which other processes drive tilt reduction after the midtropospheric vortex enters upshear left. This issue was further investigated with a partition of horizontal winds into irrotational (V x ) and nondivergent (V c ) components via a Helmholtz decomposition,
where x and c are a velocity potential and a streamfunction, respectively, that satisfy FIG. 9 . As in Fig. 8 , but for the tendencies with respect to the lower-tropospheric center of circulation.
= 2 x 5 = Á V h and = 2 c 5 z .
Eq. (3) is only valid for periodic domains, which is the case of the outermost domain here. Dirichlet boundary conditions were applied to output from the 2-km domain, assuming that vorticity and divergence vanished outside a 350-km radius from the domain center.
Snapshots of irrotational and nondivergent winds show the contrasting flow configurations when the midtropospheric vortex is downshear left or upshear left. In the former, the surface vortex is broad and composed of multiple mesoscale circulations (Fig. 11a) . Updrafts exceeding 1 m s 21 happen over a broad region (Fig. 11a) , and both convergent and divergent flow appear beneath the midtropospheric vortex (Fig. 11c) . In contrast, a single and more compact circulation appears near the surface (Fig. 11b) , predominantly convergent flow appears in the vicinity of near-surface vorticity exceeding 3 3 10 23 s 21 (Fig. 11e) , and updrafts exceeding 1 m s 21 happen within a region of strong vorticity near the surface and a closed circulation aloft after the midtropospheric vortex enters upshear left (Figs. 11b,e) . Although near-surface inflow accompanies the midtropospheric vortex at all times, that inflow is radially closer and near stronger vorticity when the midtropospheric vortex is upshear left. Together, the irrotational and nondivergent winds point to a vortex merger process on small scales that facilitates tilt reduction. Strong convergence spins up small-scale vortices underneath the midtropospheric vortex, and those vortices coalesce and merge with each other after being advected by the nondivergent winds around a common lower-tropospheric center of circulation and toward each other by the irrotational winds. These processes were directly quantified with the azimuthally averaged eddy radial vorticity flux (2u 0 h 0 ) averaged within the lowest 1 km; vortex merger happens when this quantity is positive (Hendricks et al. 2004 ).
Indeed, positive azimuthally averaged eddy fluxes happen inside a 50-km radius from the lower-tropospheric center of both the early and the late members (Fig. 12) . All other members also experience a vortex merger, although the timing and intensity varies between members. Distributions of eddy radial vorticity fluxes averaged within 50-km radius and within the lowest 1 km show large variability, but also show that most members experience vortex merger 12-18 h before the onset of intensification (Fig. 12c) . Merger happens only after the midtropospheric vortex reaches upshear left because that is where the flow configuration favors strong vorticity spinup near the surface and eddy radial fluxes toward a common center of circulation (Figs. 11b,e) .
Vortex merger has been recognized as important during tropical cyclogenesis (e.g., Ritchie and Holland 1993; Simpson et al. 1997; Hendricks et al. 2004; Montgomery et al. 2006 ) and intensification (Van Sang et al. 2008) . Recent work on this subject suggests that vortex merger is facilitated by both nondivergent and irrotational vorticity 
fluxes (Schecter 2017 ). Development of a TC following the merger, however, depends on the distance between the vortices, among other factors (Schecter 2016) . Here, vortex merger happened once the midtropospheric vortex moved close enough to the lower-tropospheric vortex to provide an enclosed region of recirculation by the nondivergent flow and coalescence by the irrotational flow. This sequence of events points at an indirect role of shear, where advection by the westerly sheared flow slows down the upshear migration of the midtropospheric vortex, forcing instead a radially inward migration. Following that indirect influence, vortex merger ultimately led to the establishment of a single vertically upright vortex (Figs. 11c,f) accompanied by latent heat release within a closed circulation (Fig. 5d) .
These results support a two-stage process as initially proposed by Molinari et al. (2004) : 1) a tilted, asymmetric stage and 2) an aligned, symmetric stage. During the first stage, the lower-tropospheric vortex cannot spin up because the convergence of absolute vorticity and latent heat release happen below the midtropospheric vortex, but the midtropospheric vortex cannot build downward because the asymmetric vertical motions are anticorrelated with the horizontal vorticity induced by the main TC vortex. After the midtropospheric vortex and associated precipitation reach upshear left, the flow configuration facilitates vortex stretching and vorticity merger akin to the Van Sang et al. (2008) averaged below 1-km height of (a) the early and (b) the late members. (c) Ensemble distributions of eddy radial vorticity flux averaged below 1-km height and within a 50-km radius from the lower-tropospheric center of each member. Standard boxplots are used, where whiskers indicate minima and maxima, boxes extend from the 25th to the 75th percentiles, and middle lines depict the medians.
absolute vorticity, free-tropospheric tilting of horizontal vorticity, and latent heat release within a closed circulation-an evolution that is consistent with axisymmetric theories of intensification (Ooyama 1964 (Ooyama , 1969 (Ooyama , 1982 Charney and Eliassen 1964; Emanuel 1986 ).
c. The importance of the upshear-left quadrant
The previous subsection confirmed the influence of structural changes on the simulated intensification; therefore, it is imperative to explain why those changes happened after the midtropospheric vortex reached upshear left. To understand such changes, the statistics of vertical motions within a 50-km radius from the midtropospheric vortex were assessed via contoured frequency by altitude diagrams (CFADs; Yuter and Houze 1995) . CFADs group variables (in this case vertical mass flux) by their values at each height, thus quantifying individual vertical motion contributions to the areaaveraged vertical mass flux profile. CFADs were obtained for each member and averaged during 12-h periods when the midtropospheric vortex was in the upshear-left quadrant (Fig. 13a ) or in the downshearleft quadrant (Fig. 13b ). Comparing those CFADs shows that the vertical mass flux profile changes because of a reduction of downdrafts below 600 hPa and an increase of updrafts at all levels-especially above 600 hPa-when the midtropospheric vortex reaches upshear left (Fig. 13c) . Although it is intriguing that deep updrafts occur more frequently when the midtropospheric vortex reaches a region typically characterized by subsiding air (Reasor et al. 2013; DeHart et al. 2014) , real-world intensifying TCs also exhibit strong and deep updrafts in the upshear-left quadrant (Wadler et al. 2018) .
This result, which appears in all members, is tied to an increase in deep convective updrafts as depicted by a diagnosis of convective bursts (CBs) within a 50-km radius from the midtropospheric center (Fig. 1c) . Convective bursts represent grid points where the 8-16-km layer-averaged vertical velocity exceeded 5 m s 21 and the 8-14-km layer-averaged reflectivity exceeded 20 dBZ (following Rogers et al. 2015 and Judt and Chen 2016) . Time series of the number of convective bursts show three key results ( Fig. 1c) : 1) CBs happen more frequently during the tilted, asymmetric stage than during the aligned, symmetric stage; 2) all members experience a CB maximum during the 12-24-h period before the onset of intensification; and 3) all members have nearly zero CBs at the onset of intensification. The first result is consistent with the vertical accelerations induced by a midtropospheric vorticity maximum and its associated thermodynamic structure during the tilted, asymmetric stage but not during the aligned, symmetric stage. The second result is consistent with the evolution of the vertical mass flux profile when the midtropospheric vortex reaches upshear left, further pointing at structural changes that favor deep convective updrafts in that quadrant. Last, the third result shows that the onset of intensification is characterized by a convective minimum, demonstrating that symmetrization (cf. Fig. 1b) results from a large azimuthal coverage of shallow convection and stratiform precipitation (consistent with observations; Tao and Jiang 2015; Tao et al. 2017) .
Observations of intensifying TCs have captured upshear-left convective bursts preceding intensification (e.g., Stevenson et al. 2014; Rogers et al. 2016; Nguyen et al. 2017; Wadler et al. 2018) ; however, an explanation for those updrafts is needed. Here, the presence of upshear-left convective bursts was explored with an analysis of air parcel trajectories. Backward trajectories were obtained using the Read/Interpolate/Plot (RIP) software 2 with 6-min model output interpolated to 1-min frequency. This analysis allows an examination of processes driving vertical accelerations via
where w is vertical velocity, u r is density potential temperature, p is pressure, z is geometric height, g is the gravitational acceleration, and the overline and prime symbols represent a mean state and a perturbation from that mean state, respectively. One caveat of this analysis is that individual terms depend on the choice of base state. Following the analysis of Braun (2002) and recommendations of Smith et al. (2005) , the base state was defined as the sum of wavenumbers 0 and 1 at each radius and height. The first term on the right-hand side of Eq. (4) represents buoyant accelerations, whereas the second term represents dynamic accelerations due to nonhydrostatic pressure gradient forces. This analysis is not meant to be exact because of the temporal resolution of model output and lack of output to account for diffusion, but it provides a general estimate of different forcings for ascent. Contributions from each term were obtained for air parcels originating at grid points with a vertical velocity exceeding 5 m s 21 at 300 hPa (approximately 10 km) at the time of maximum convective bursts in the early (82 h) and the late member (117 h). Parcel trajectories examined during the convective bursts maximum demonstrate that both buoyant and dynamic accelerations promote deep convective updrafts in the upshear-left quadrant. Figure 14 shows this result through a pressure-azimuth depiction of the buoyant and dynamic acceleration along parcel trajectories only after the parcels had started ascending. Air parcels begin ascending in the region azimuthally upwind of the midtropospheric vortex. Most air parcels become positively buoyant after they begin ascending above 500 hPa (Figs. 14a,b) . Such buoyant accelerations are likely aided by latent heat release as warm and moist air parcels rise at a small radius relative to the lowertropospheric center. At the same time, air parcels experience dynamic accelerations through their entire ascending trajectories (Figs. 14c,d ). This dynamic forcing for ascent represents an upward-directed nonhydrostatic pressure gradient force associated with the stronger vorticity aloft (Figs. 5c, 11b) . The presence of the midtropospheric vortex, and its associated low pressure away from the surface, provides a dynamic forcing for ascent.
Another mechanism contributing to the shift in the vertical mass flux profile is a reduction of downward fluxes of low-entropy air. As was illustrated in Fig. 13 , downdraft activity substantially decreases after the midtropospheric vortex enters upshear left. The reason for such reduction was examined with backward trajectories of air parcels that ended near the surface within a 50-km radius from the midtropospheric center of the early member. Before the midtropospheric vortex reaches upshear left, many air parcels originate near the u e minimum (cf. Fig. 7 ) and descend within a mesoscale downdraft below and azimuthally downwind of the midtropospheric vortex (Fig. 15a) . By contrast, most air parcels are recirculated and maintain a warm, moist boundary layer following the arrival of the midtropospheric vortex to upshear left (Fig. 15b) . Those contrasting trajectories happen because the lowertropospheric vortex remains a reservoir of high-u e air due to continued surface moisture fluxes, and air parcels with high u e can only enter the midtropospheric vortex when it moves radially close to the lowertropospheric vortex.
All members exhibit this reduction of downward lowentropy fluxes (DFX), which was quantified via DFX 5 w 2 u 0 e , where w 2 represents downward motion and the prime symbol denotes departure from the azimuthal mean (Riemer et al. 2010) . Figure 15c shows ensemble distributions of DFX averaged within a 50-km center of the midtropospheric center and below 900 hPa. Evidently, low-entropy fluxes decrease in all members during the 24 h preceding intensification. Recirculating air parcels promote increasing u e below 600 hPa (Fig. 7) and near saturation that favors ascent via buoyant accelerations (Figs. 14a,b) .
This analysis provides an explanation for the appearance and impact of upshear-left convective updrafts preceding intensification. Deep updrafts happen within a closed circulation, where the stronger vorticity aloft induces an upward acceleration. The associated strong ascent within the closed region aids lower-tropospheric moistening by suppressing downdrafts, reducing lowentropy downward fluxes, and promoting recirculating warm, moist air parcels. Recirculation happens within an enclosed region where the nondivergent winds are much stronger than the irrotational winds (Figs. 11c,f) , thus inhibiting cool, dry air intrusions from the environment (Raymond and López Carrillo 2011) . The late member experiences those processes much later because of more downdrafts (Fig. 7) , fewer convective bursts (Fig. 1c) , and larger downshear-left tilt (Fig. 3a) . Following vortex merger initiated by the deep updrafts and associated vortex stretching, the reformed surfacebased vortex has favorable kinematic and thermodynamic conditions to undergo intensification.
Summary, hypothesis, and open questions
An ensemble of idealized numerical simulations was used to diagnose physical processes preceding TC intensification under moderate VWS. Consistent with previous studies, the ensemble was characterized by large variability in the simulated intensity, precipitation asymmetry, and vortex tilt. New insights were gained through a process-based analysis centered on the characteristics and evolution of a shear-induced midtropospheric vortex. This analysis showed that intensification followed after tilt reduction and symmetrization of precipitation because that structure promoted persistent vorticity spinup and recirculating warm, moist air parcels. All members exhibited similar processes driving intensification; however, the timing of intensification varied between members because of their initial downshear-left tilt magnitude and subsequent timing of tilt reduction. The sequence of events in these idealized simulations can be summarized as follows:
d A mesoscale midtropospheric vortex emerges within the shear-organized precipitation.
d The midtropospheric vortex travels cyclonically around a lower-tropospheric center of circulation at a distance that depends on the precise location of shear-organized convection.
d Upon reaching upshear left, shear slows down the upshear migration of the vortex and forces instead a radially inward migration.
d Deep convective updrafts emerge and spin up strong, small-scale vortices that coalesce and merge into a single closed circulation over a deep layer.
d Vortex merger happens only after the midtropospheric vortex reaches upshear left, where the flow configuration favors near-surface vortex stretching and eddy radial vorticity fluxes toward a common center of circulation. FIG. 15 . Pressure-azimuth depiction of backward trajectories released from 900 hPa and within a 50-km radius from the midtropospheric vortex of the early member. Colors depict equivalent potential temperature (shading; every 2 K) for parcels released backward at (a) 66 and (b) 84 h. (c) Ensemble distributions of downward entropy fluxes averaged below 900 hPa and within a 50-km radius from the midtropospheric center. Standard boxplots are used, where whiskers show the minima and maxima, boxes extend from the 25th to the 75th percentiles, and middle lines depict the medians.
d Recirculating air parcels prevent downdrafts and allow for a warming and moistening lower troposphere within the closed circulation.
d Last, the vertically aligned TC intensifies via nearsurface convergence of absolute vorticity, tilting of horizontal vorticity, and latent heat release within the closed circulation.
Based on these results, it is hypothesized that intensification under moderate VWS happens if and when a two-stage ''restructuring'' process takes place. During the first stage, precipitation is asymmetric because rising motions happen predominantly near the midtropospheric vortex, the combination of elevated deep convection and stratiform precipitation yield a top-heavy vertical mass flux profile, and strong downdrafts bring low-entropy air to the boundary layer. This structure changes during the second stage when vortex merger leads to a single closed circulation over a deep layer, vertical mass fluxes increase near the surface, and highentropy air persists in the boundary layer. Intensification proceeds during the second stage with only minor effects from VWS because precipitation is nearly symmetric and the TC vortex remains nearly aligned. A restructuring process is proposed based on those system-scale structural changes. This hypothesis is similar to the two-stage process proposed by Molinari et al. (2004) , except with the added vortex merger paradigm proposed by Van Sang et al. (2008) .
It is further hypothesized that the likelihood and length of that restructuring process depend on environmental and internal conditions, in agreement with other studies of TC intensification under moderate VWS (Tao and Zhang 2014; Rios-Berrios and Torn 2017; Nguyen et al. 2017) . Sheared TCs within favorable environmental thermodynamics (e.g., abundant moisture, warm sea surface temperature) are more likely to complete the restructuring process because of continuous support for ascent and inhibition of downdrafts (e.g., Tao and Zhang 2014; Nguyen et al. 2017) . Environmental conditions ahead of the midtropospheric vortex and in the upshear half are especially important to ensure the sustainment and propagation of precipitation from downshear left to upshear left (Rappin and Nolan 2012; Ge et al. 2013; Onderlinde and Nolan 2016; RiosBerrios et al. 2016b,a; Rios-Berrios and Torn 2017) . Likewise, the restructuring process likely applies to weak TCs-depressions, tropical storms, and weak hurricaneswhich are more likely to exhibit a tilted, asymmetric structure than strong, mature TCs (Jones 1995; DeMaria 1996; Reasor et al. 2004; Riemer and Montgomery 2011) . Further investigation is needed to confirm these hypotheses and to establish how shear-related processes such as ventilation affect the hypothesized restructuring process.
Although idealized, these simulations are consistent with intensification of real-world TCs. Humidification of the upshear half and symmetrization of precipitation are key characteristics of intensifying TCs under moderate VWS (Molinari et al. 2004; Kieper and Jiang 2012; Jiang and Ramirez 2013; Zagrodnik and Jiang 2014; RiosBerrios et al. 2016a; Zawislak et al. 2016; Nguyen et al. 2017; Rios-Berrios and Torn 2017) . Symmetrization is often preceded by upshear-left convective bursts (e.g., Rogers 2010; Stevenson et al. 2014; Chen and Gopalakrishnan 2015; Rogers et al. 2016; Wadler et al. 2018) , even though upshear-left bursts do not always lead to intensification (Judt and Chen 2016) . New insights were gained here about the origin and relevance of those convective bursts: dynamic forcing for ascent appeared below the midtropospheric vorticity maximum, and that ascent promoted increasing near-surface vertical mass fluxes and humidification of the lower and midtroposphere. Observations of upshear-left convective bursts during the intensification of Hurricane Earl (2010) support this result, as those bursts also happened near a midtropospheric vorticity maximum (Stevenson et al. 2014 ). Tilt reduction is also a common feature of observed intensifying TCs in sheared environments (e.g., Raymond and López Carrillo 2011; Reasor and Eastin 2012; Rogers et al. 2015) . Importantly, tilt reduction happened through stretching, tilting, and vortex merger-not solely through advective vortex alignment.
Several questions remain open for future research. For example, what mechanisms inhibit the hypothesized restructuring process? This study focused on intensification, but an equally important problem is TC weakening under moderate or strong VWS. One possibility is that the restructuring process is inhibited by processes that prevent vortex merger and the subsequent establishment of a single closed circulation. Likewise, can the vortex merger process happen in other quadrants? Some TCs intensify after vortex reformation in the downshear half (Molinari et al. 2004 (Molinari et al. , 2006 Davis et al. 2008; Molinari and Vollaro 2010; Nguyen and Molinari 2015) ; therefore, vortex merger and reformation may depend on other factors such as the flow configuration, thermodynamic background, or the distance between the deep updrafts and a lower-tropospheric center of circulation. Another question that remains unanswered is, What factors control the azimuthal motion of the midtropospheric vortex and its associated precipitation? The onset of intensification largely depends on that motion (cf. Fig. 3 ), but the ensemble was characterized by large variability induced by small perturbations to the initial boundary layer water vapor. These and other questions should be addressed, especially with observations and with simulations that account for temporal shear variability, to further understand the hypothesized restructuring process.
